Introduction 73
In Western societies today, more than half of adults are overweight or obese, and obesity rates 74 are projected to continue to grow (OECD 2017) . Despite the prevalence and severity of 75 obesity, its neurobiological underpinnings and how they are changed upon weight loss in 76 humans are not well understood. 77
Most previous cognitive neuroscience research has investigated differences in task-based 78 activity between obese and lean participants using functional magnetic resonance imaging 79 (fMRI). These studies found that exposure to high-calorie foods altered activity in brain 80 regions involved in the hedonic aspects of food intake, such as reward and motivation The goal of this paper is to put these different streams of research together and shed light on a 95 potential link between RSC in the brain and changes in weight. We applied a theory-driven 96 approach to investigate (1) differences in RSC in the brain's hedonic valuation (i.e., the 97 ventromedial prefrontal cortex [vmPFC] and striatum (Bartra et al. 2013)) and control 98 systems (i.e., the dorso-and ventrolateral prefrontal cortex) (Hare et al. 2009 (Hare et al. , 2011 99 Hutcherson et al. 2012) between participants with severe obesity and lean control participants 100 and (2) whether a longer term (i.e., 24 weeks) weight change due to bariatric surgery would 101 affect RSC in these systems. We then used the changes in RSC in these regions to formally 102 predict our lean and obese participants' weight changes over time. 103
Bariatric surgery-specifically Roux-en-Y gastric bypass (RYGB)-serves as a unique and 104 effective theoretical model for the questions of our work because it leads not only to rapid and 105 major weight loss (needed for our formal prediction analysis to have the required variance) 106 but also to improvements in hormone profiles involved in the homeostatic control of food 107 intake (Sjöström et al. 2012; Abdennour et al. 2014) . It thus allows us to move beyond 108 previous correlational evidence and make quasi-causal links between RSC in the brain's 109 hedonic valuation system and hormonal homeostatic regulators of food intake. 110 A separate stream of clinical research has made major progress in understanding the neuronal 111 circuitry involved in the control of energy homeostasis, including the role of bariatric surgery. 112
For example, before surgery most obese individuals have extremely high fasting-state leptin 113 levels, but the action of leptin to signal satiety is impaired (Myers et al. 2010). After RYGB 114 surgery, levels of circulating leptin drop rapidly, and its ability to signal satiety improves 115 (Faraj et al. 2003) . Moreover, leptin has direct and indirect links to the brain's hedonic 116 valuation system. For example, it inhibits ventral tegmental area (VTA) dopamine neurons 117 (Palmiter et al. 2007 ) that are known to directly project to the brain's hedonic valuation 118 system (Haber et al. 2003) . Against this background the final goal of this paper was to explore 119 why the surgery might alter RSC in the brain's hedonic valuation system by exploring its 120 links to surgery-induced changes in fasting-state serum leptin. 121
The contribution of this work is to provide first evidence that resting-state connectivity in the 122 brain's hedonic valuation system (1) predicts weight loss, (2) differs between lean and obese 123 individuals, (3) is altered by RYGB surgery and (4) is linked to RYGB surgery-induced 124 changes in leptin levels (i.e., a marker of the hormonal homeostatic system of food intake 125 control). This work is one of the first to integrate hedonic and homeostatic factors in food 126 intake control (Berthoud 2006) . 127
Materials and Methods

128
Experimental setup. The experimental procedure was conducted in accordance with the 129 Declaration of Helsinki and received approval from the local ethics committee for obese 130 participants and from INSERM for lean participants (Comités de Protection des Personnes 131
[CPP], Ile-de-France). Informed written consent was obtained from all participants prior to 132 study inclusion. The obese participants took part in the Microbaria and Leaky-gut protocols 133 that are registered as clinical trials NCT01454232 (Microbaria) and NCT02292121 (Leaky 134 gut). The resting-state data presented in this paper was acquired as part of a multi-study 135 project including different experimental tasks such as task-based fMRI, metabolic and faeces 136 samples for microbiota analysis. The results of those other tasks are presented elsewhere 137 (Aron-Wisnewsky et al. 2018); the focus of this paper is the differences in resting-state 138 connectivity between lean and obese individuals and before and after bariatric surgery-139 induced weight loss. The scanning session consisted of a brief introduction and training, two 140 task-based fMRI sessions, a structural MRI scan, and the resting-state fMRI scan presented in 141 this paper. 142 Data were collected at two time points (T0 and T6) separated by six months. The participants 143 with severe obesity underwent RYGB surgery shortly after their scanning session at T0; they 144 were followed in the nutrition department at the Specialized Obesity Centre for Obesity and 145
Obesity Surgery at Pitié-Salpêtrière Hospital in Paris. MRI data was collected at the Centre 146 for Neuroimaging (Cenir) at the Institut du Cerveau et de la Moelle épinière (ICM) at Pitié-147
Salpêtrière Hospital in Paris. The lean participants' brains were also scanned at the same 148 facilities of the Cenir twice to control for the effect of time. 149
Participants. A total of 64 female participants were enrolled at T0, including 45 lean 150 participants and 19 with severe obesity. We recruited only female participants in an attempt to 151 keep gender influences constant 43 . Additional standard fMRI inclusion criteria were right-152 handedness, normal to corrected-to-normal vision, no history of substance abuse or any 153 neurological or psychiatric disorder, and no medication or metallic devices that could 154 interfere with performance of fMRI. The participants with obesity and the lean controls were 155 recruited based on their body mass index (BMI), which was on average 22 ± 0.3 kg/m 2 for the 156 lean participants and 45 ± 1 kg/m 2 for the candidates for bariatric surgery with severe obesity 157 in agreement with international guidelines (see Tables 1 and 2 for more details on clinical 158 characteristics and body composition). 159
Of the 64 individuals recruited for the study, 20 participants were excluded before starting our 160 analyses due to the following predefined exclusion criteria: two lean and three participants 161 with obesity were excluded because of extensive head motion (³3.5 mm), 10 lean participants 162 were excluded because they did not return for their six-month MRI evaluation, and three lean 163 and two obese participants had incomplete rfMRI data. Therefore, a total of 44 (30 lean and 164 14 obese) participants were included in all analyses concerning within-participant time effects 165 (e.g., T0 versus T6) and group by time interactions. Note, we could still perform analyses 166 concerning between-participant group effects (e.g., obese versus lean) at baseline (T0) for 56 167 participants (40 lean, 16 obese) who had available data at T0. and total body fat in kg and percent (Table 1) . 184
Blood hormone sampling. Blood samples were collected once from the lean participants (at 185 T0), and twice for participants with obesity before (T0) and six months after RYGB (T6). volumes that survived head motion censoring. We used a rather lenient head motion threshold 231 of ³3.5 mm in order to not exclude our morbidly obese participants, who moved significantly 232 more than the lean ones. After preprocessing, the smoothed residual time-series data, co-233 registered to MNI space, were used for the subsequent statistical analysis steps. 234
Statistical analyses. 235
We focused on a seed-to-voxel correlational analysis approach in order to investigate how 236 functional connectivity between brain regions implicated in dietary decision-making and self-237 control is affected by obesity and bariatric surgery. 238
Seed region of interest (ROI). Prior studies using fMRI have suggested that the vmPFC is a 239 key region of the brain's hedonic valuation system that encodes both expected and 240 Specifically, the seed ROI was defined by the neurosynth (5.20.13) website using the "reverse 246 inference" map for "vmPFC". The mask was thresholded at p < .0001 uncorrected, after 247 smoothing the Z-map with a 6mm FWHM kernel and averaging Z-scores across the left and 248 right hemispheres to create a symmetrical map. We further resliced each mask to the lean 249 controls' and obese patients' normalized mean EPI images to make sure that all voxels were 250 within the vmPFC in our participant sample. 251
In order to investigate differences in the resting-state connectivity between lean and obese 252 participants and between T0 and T6, a multiple regression analysis correlated the averaged 253 
Out-of-sample cross-validation of the correlation between vSTR-vmPFC connectivity and 263
weight loss. To test whether weight loss can be predicted from vSTR-vmPFC connectivity, 264
we conducted the following leave-one-participant-out predictive analysis: First, z-values of 265 vSTR-vmPFC functional connectivity were extracted for each participant and averaged across 266 the voxels of the vSTR cluster that displayed an interaction effect. In other words, resting-267 state activity in these vSTR voxels correlated more strongly to vmPFC resting-state activity 268 after surgery (at T6) compared to before surgery (at T0) in the obese compared to the lean 269 participants. The average z-values for the vSTR cluster were then used to conduct 44 linear 270 regressions that determined independent weights of the vSTR-vmPFC connectivity on weight 271 loss (kg at T6 minus kg at T0) over 43 participants following equation i: 272 Mean connectivity values (zvmPFCtovSTR) were extracted for each obese participant at T0 and T6 301 from the ventral striatum cluster that displayed a significant connectivity to the vmPFC seed 302 ROI for the interaction group (obese>lean) by time point (T6>T0) (MNI coordinates = [-10 6 303 -2], p < 0.001 uncorrected, extend threshold 50 voxels). 304
The significance of Pearson's correlation coefficients was tested by conducting both 305 parametric one-sampled t-tests and non-parametric permutation tests, which are less sensitive 306 to individual outliers and estimated the 95% confidence intervals (CI) for correlations due to 307 chance based on 10,000 permutations of the observed data. 308
Availability of materials and data. Code and data sets analysed in the current study are 309 available from the corresponding authors on request. 310
Results
311
We used resting-state magnetic resonance imaging to scan the brains of lean and obese 312 participants (n = 64) twice, six months apart (see Table 1 for details). Importantly, the patients 313 were scanned before and six months after undergoing RYGB surgery. We then analysed 314 differences in the connectivity of the vmPFC -an important hub for dietary decision-making 315 regions at rest. We sampled blood once in the lean participants (at the time of the first fMRI 317 scan) and twice in the obese participants (pre-and post-RYGB surgery) to assess differences 318 in serum leptin and how these differences were linked to changes in body fat and RSC 319 connectivity in the obese patients before and after RYGB surgery. 320
Differences in resting-state connectivity of the vmPFC in participants with obesity 321 compared to lean participants 322
We first investigated differences in RSC in the brain's hedonic valuation system with the 323 vmPFC as seed between the obese and lean participants. In other words, we looked at the 324 main effect of participant group irrespective of time * and found that participants with obesity 325 presented stronger vmPFC resting-state connectivity to a set of frontal brain regions including 326 the dorsolateral prefrontal cortex (dlPFC), the ventrolateral prefrontal cortex (vlPFC) (cluster-327 corrected pFDR < 0.05). 328
Post hoc comparisons between groups further revealed that at baseline (T0), severely obese 329 patients compared to lean participants displayed stronger vmPFC connectivity to cognitive 330 regulation nodes such as the dlPFC (Figure 1a , Table 2 ). After six months (T6), participants 331 * We also tested for a main effect of time but found no differences between T0 and T6 across the whole participant sample, even at a more lenient uncorrected significance threshold of p < 0.001. with obesity continued to have stronger vmPFC to vlPFC RSC (cluster-corrected pFDR < 0.05; 332 Figure 1b , Table 3 ). 333
Another set of post hoc comparisons between groups showed weaker vmPFC connectivity to 334 motivational nodes such as the ventral striatum (vSTR) (cluster-corrected pFDR < 0.05; Figure  335 1c, Table 2 ) at baseline (T0). Interestingly, there were no differences between lean and obese 336 participants in vmPFC-vSTR connectivity six months later (T6). Next we investigated the 337 effect of surgery on RSC (i.e., the interaction between group and time). 338
Effects of bariatric surgery on vmPFC connectivity 339
We investigated whether RYGB surgery affected the RSC of the vmPFC and, if so, whether it 340 would affect its RSC to other brain regions involved in reward and motivation processing and 341 control. In more detail, we compared the difference in the RSC of the vmPFC in the 342 participants with obesity after versus before RYGB surgery to the change over time in the 343 RSC of the vmPFC in the lean participants (i.e., the obese group > lean group by time T6 > 344 T0 interaction). We found stronger RSC between the vmPFC and the vSTR RSC for this 345 interaction (MNI coordinates [-10 6 -2], punc < 0.001, extend threshold k = 50 voxels; Figure  346 2a). 347
Out-of-sample prediction of weight loss over time across all participants 348
We then examined whether the changes in vSTR-vmPFC RSC could predict the changes in 349 participants' weight between the two time points using a leave-one-sample-out (LOSO) 350 predictive analysis. When we based the prediction of weight loss on information about the 351 vmPFC-vSTR RSC, there was a significant positive association between predicted and 352 observed weight change (r = 0.61, p = 1.05e-05, 95% CI due to chance: -0.24-0.25; Figure  353 2b). 354
Individual differences in relative fasting-state leptin determine changes in vmPFC-to-355 ventral striatum RSC 356
Finally, we explored how much the change in vmPFC-vSTR RSC after RYGB surgery was 357 moderated by changes in serum leptin, taking into account the reduction of body fat. The 358 adipose tissue secreted hormone leptin is well-known to contribute to signalling satiety and to 359 stop food intake via inhibition dopamine receptors in the VTA and melanocortin (i.e., MC4) 360 receptors in the hypothalamus. As expected, leptin and body fat were elevated in participants 361 with obesity before surgery and decreased significantly post-surgery (% body fat: t(13) = 9.9, 362 p < 0.001; kg body fat: t(13) = 13.7, p < 0.001 ng/ml leptin: t(13) = 5.6, p < 0.001; two-tailed, 363 paired t-test; Table 1 ). When correlating the decrease in leptin per kg of body fat loss after 364 RYGB surgery to the increase in vmPFC-vSTR resting-state connectivity after surgery, we 365 found a significant positive correlation (Pearson's r = 0.58, p = 0.03, 95% CI due to chance: -366 0.46-0.46; Figure 2c ). In other terms, participants with obesity who lost more circulating 367 leptin per unit of fat mass post-RYGB were also those who had the most increased vmPFC-368 vSTR resting-state connectivity post-RYGB. 369
Discussion
370
Our study provides first evidence using an out-of-sample prediction across all our participants 371 that changes in RSC between the vmPFC and vSTR predicted how much weight participants 372 lost over a period of six months. The vmPFC and the vSTR are two key regions within the 373 brain's hedonic valuation system involved in the processing of reward and motivation 374 to uncover an association between the propensity to lose weight over time and the 376 connectivity of neural hubs at rest within the brain's hedonic valuation system. 377
Interestingly, the RSC within the same system was attenuated in our obese participants when 378 compared to the lean ones. This result parallels findings using task-based fMRI that showed a 379 desensitization of the brain's reward circuitry in response to food rewards in participants with 380 obesity. Interestingly, such a desensitization has been described as similar to what happens in 381 those who are addicted to drugs and other rewards (4). More specifically, several studies have 382
shown that obesity shares some behavioural and neural similarities with drug addiction, such 383 as overconsumption of certain types of highly palatable (HP) fat-and sugar-rich food, altered 384 inhibitory control of food intake, and tolerance and withdrawal symptoms from HP food 385 obesity and diminished reward processing by showing that they might also be at play when 389 participants are in a more general state of rest, affecting intrinsic connectivity in the brain. 390
Our study further found that a weight loss intervention based on bariatric surgery increased 391 the vmPFC-vSTR. This finding suggests a reintegration of the brain's hedonic valuation 392 system in the obese participants after RYGB surgery to a level similar to that observed in the 393 lean participants. Such a reintegration might be related to improved functioning of 394 dopaminergic projections from the midbrain to regions of the brain's hedonic valuation 395 system. Our findings parallel those from positron emission tomography studies of 396 dopaminergic functioning in patients with obesity. Specifically, dopamine D2 receptor 397 availability has been shown to increase six weeks post-RYGB surgery (Steele et al. 2010) , 398 reaching levels similar to those observed in non-obese controls. 399
To strengthen the idea of a possible link between our findings and dopamine functioning, we 400 found that vmPFC-vSTR RSC was positively correlated with the reduction of fasting-state 401 serum leptin (taking into account fat-mass loss). Leptin acts on hypothalamic melanocortin 402 and basal ganglia dopamine receptors to regulate energy homeostasis-and in particular to 403 decrease appetite and inhibit food intake. Fasting-state leptin levels are generally high in 404 patients with obesity before surgery, suggesting resistance to its anorexic action (Stice et al. 405 2008; Crujeiras et al. 2015) , and rapidly decrease after bariatric surgery (to a higher extent 406 than surgery-induced decreases in fat mass) (Faraj et al. 2003 ). Here we showed sensitivity of 407 the brain's hedonic valuation system to the drop in fasting-state leptin after RYGB surgery. (Weygandt et al. 2015) . However, investigating connectivity at rest, we did not find a 422 prominent role of vmPFC to dlPFC RSC for weight loss reported in prior task-based fMRI 423 studies (Weygandt et al. 2015) . 424
In summary, our study provides novel evidence that the ability to lose weight is linked to the 425 intrinsic functional organization of the brain's hedonic valuation system dedicated to reward 426 processing and motivation. We provide evidence that these effects are linked to hormonal 427 homeostatic control that targets hypothalamic and dopaminergic pathways in order to 428 influence food-related behaviour and weight loss. Together, our findings provide a more 429 holistic view between the seldom bridged study of brain systems involved in hedonic aspects 430 of dietary decision-making and its control and homeostatic markers involved in food intake 431 control. 
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